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1 Introduction 

A primary question in string theory is to understand the structure of the four-dimensional 
effective theories that emerge from supersymmetric compactifications. Are they generic 
N=l field theories coupled to supergravity or does the requirement of consistent coupling 
to quantum gravity impose constraints on the field content and couplings? For models 
with large volume limits, the four-dimensional field content and basic interactions can 
be determined using supergravity. These interactions can be organized into a space-time 
Kahler potential and a superpotential. To go beyond the basic supergravity approximation 
requires an understanding of string quantum corrections which depend on the string 
scale a'. These corrections can renormalize both the space-time Kahler potential and 
superpotential. In the past, some of these quantum corrections have been beautifully 
computed for world-sheet theories with (2,2) supersymmetry using mirror symmetry [1], 
and by studying string threshold corrections to gauge kinetic terms [2,3]. 

The focus in N=l theories is typically on space-time superpotential couplings which are 
strongly constrained by holomorphy. Much less is understood about the Kahler potential 



which appears to be less constrained. We suspect, however, that much more can be 
said about stringy Kahler potentials largely through a heterotic generalization of mirror 
symmetry to (0,2) rather than (2,2) world-sheet theories [4-12]. One of the basic tests 
of the original (2, 2) mirror conjecture was reproducing the known (a')^ correction to the 
space-time prepotential of N=2 type II compactifications [1]. We would like an analogous 
understanding of the leading quantum correction to stringy Kahler potentials determining 
the kinetic terms of moduli fields. This will provide data to help formulate a precise (0, 2) 
mirror map. 

In type II theories, the (a')^ correction to the moduli kinetic terms can be understood 
both from a sigma model computation [13] and from a space-time perspective by reducing 
the R^ terms in ten dimensions on the compactification space [14]. These R^ terms are 
down by {a'Y from the supergravity couplings but their form and moduli dependence is 
determined completely by supersymmetry [15]. Similarly, higher-dimensional supersym- 
metry determines the leading correction to the Kahler potential of N=l compactifications. 
For example, in the heterotic/type I string, there are R corrections to the supergravity 
interactions in ten dimensions suppressed by a' . These couplings are also completely de- 
termined by space-time supersymmetry [16]. It is these couplings that give rise to the 
leading quantum corrections to the kinetic terms in four dimensions. 

The setting we will consider is the weakly coupled heterotic string on a Calabi-Yau 
space with some choice of bundle preserving N=l space-time supersymmetry. What we 
find is that the leading correction to the moduli kinetic terms, in powers of the volume, is 
order {a'Y rather than {a'Y- It is in no way surprising that the correction is larger than 
the special case of (2, 2) world-sheet theories. What is perhaps more surprising is that 
the correction is not 0{a')\ 

Now it might appear that type II Calabi-Yau orientifolds, often studied in moduli 
stabilization scenarios, are in a different class with kinetic terms determined by projecting 
the underlying N=2 prepotential with its {a'Y perturbative correction. However this 
is not the case. The orientifold planes and D-branes whose inclusion is required for a 
consistent N=l theory themselves support R couplings. It is these couplings that again 
determine the leading quantum corrections and they will be larger than those found in 
the orientifolded N=2 prepotential except if the string coupling is very small. This clearly 
must be the case since type I itself can be viewed as an orientifold of type IIB string theory 
by world-sheet parity but the ten-dimensional type I space-time action contains exactly 
the same R^ terms as the heterotic string. For more general orientifolds of a Calabi-Yau, 
the moduli dependence of the leading correction might differ from the heterotic/type I 



cases but the order of the correction in powers of a' will be the same. 

A natural application of these results is to moduli stabilization. In type IIB and more 
general F-theory compactifications to four dimensions, many moduli of the underlying 
Calabi-Yau geometry are stabilized by G^ fluxes [17]. In principle, the only modulus left 
unfixed is the overall volume. At large volume, this lifting of moduli can be described by 
a space-time superpotential [18]. In the heterotic string, there is a dual version of this 
lifting which involves turning on torsion [17]. However, it is a misnomer to call this moduli 
lifting because heterotic compactifications with flux are topologically distinct from those 
without flux. Again, in principle, there is only one modulus unfixed which is the heterotic 
dilaton. 

The background we consider certainly contains fiux via the heterotic gauge bundle 
but it does not contain torsion except at sub-leading orders in a' . What we gain by 
this restriction is a large volume limit where we can trust an a' expansion. What we 
lose is a dilaton with large variation at tree-level (dual to a large warp factor in type 
IIB). It would be interesting to see if there are yet larger quantum corrections for more 
general fluxes that include torsion, or perhaps for more general non-geometric heterotic 
backgrounds [19,20]. We suspect this might not be the case since more general fluxes, 
and even non-geometries, do not appear particularly distinguished in F-theory duals on 
Calabi-Yau four-folds. 

Still we can examine type IIB stabilization scenarios like the LARGE volume sce- 
nario (LVS) that use the underlying N=2 kinetic terms derived from an orientifolded 
prepotential [21], and ask how they change if we include the larger perturbative quantum 
correction found here. In the type IIB frame, our {a'Y correction is suppressed by powers 
of Qs from the {a'Y perturbative correction obtained from the underlying N=2 theory by 
orientifolding. This (o;')^ correction plays a prominent role in the LVS scenario. Since 
the string coupling in type IIB is not typically small at a stabilized point, the leading 
quantum corrections computed in an N=l framework are needed to determine whether 
there are stabilized solutions even in effective fleld theory. 

We should also stress that there are deeper unresolved issues with instanton compu- 
tations in all scenarios that attempt to stabilize the flnal modulus, but we will simply 
neglect those issues here. They will be explored elsewhere."^ 



"^In a nutshell, branc instanton computations in string theory are sensitive to whether supersymmetry 
is broken or unbroken by background fields like fiuxes. Therefore determining the dependence of instanton 
corrections on field directions that break supersymmetry and fail to satisfy the supergravity equations of 
motion requires off-shell information. This makes the organization of low-energy physics into a Kahler 



This paper is organized as follows: in section 2, we summarize some background 
material and introduce notation. In section 3, we review the a'-corrected ten-dimensional 
heterotic action and describe the vacuum solution to Ola'"^). We compute the four- 
dimensional space-time Kahler potential for moduli to Ola'"^) in section 4. The space-time 
Kahler potential we find takes the form, 
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K=~\ogiV) + —J hA*h + Oia"), (1.1) 

where V is the volume of the Calabi-Yau space and /i is a moduli-dependent two-form.^ 
Finally in section 5, we explore implications of this correction for breaking no-scale struc- 
ture. Included in this discussion is a comparison of our results with complimentary com- 
putations of the string one-loop correction to the Kahler potential in a class of type IIB 
orientifolds [22]. We find that the a'"^ correction in (1.1) breaks the no-scale structure 
present in heterotic and type I compactifications but not in F-theory type orientifolds. 

2 Review of the (2, 2) Kahler Potential 

Before studying more general (0, 2) backgrounds, it will be useful to first briefiy review 
the more familiar case where the world-sheet theory enjoys (2, 2) supersymmetry. The 
corresponding space-time picture is given by heterotic strings on a Calabi-Yau background 
Ai with the spin-connection embedded in the gauge connection. This material is well- 
known and can be found in standard textbooks. 

Compactification on a Calabi-Yau manifold, Ai, typically results in many massless 
scalar fields in four dimensions whose vacuum expectation values remain unfixed. Let us 
use X to denote space-time coordinates (indices: /x, z/, . . .) and y for internal coordinates 
(indices: m,n, . . .). In every compactification, there is an axio-dilaton field 

S = a + ie-^'f'^ (2.1) 

where the axion a is the dual to the space-time NS-NS 2- form Bn„. The 4-dimensional 
dilaton is related to the 10-dimensional dilaton via e"^'^'* = e"^*^ V, where V is the total 
volume of the internal space. 

In addition to S, there are metric moduli with a locally split moduli space correspond- 
ing to deformations of the Kahler class and deformations of the complex structure of M. 



potential and a superpotential subtle. 

^Throughout this paper, we work in units where k^ — Sir/Mp = 1. Of course, factors of k can always 
be restored on dimensional grounds. 



By definition, moduli are deformations of the vacuum solution that preserve the equations 
of motion. Therefore for the internal directions, Rmn = must be satisfied both for the 
starting undeformed metric g and for the deformed one g + 6g. At leading order in the 
deformation, this imposes the constraint 

AiSgn^n = , (2.2) 

where A^ is the Lichnerowicz operator; geometric moduli are therefore zero-modes of 
Lichnerowicz. We will discuss this operator in more detail in Section 3.2. 

In a complex basis, the two kinds of metric perturbations are those with mixed indices 
(Kahler deformations) and those with indices of pure type (complex structure deforma- 
tions). To the metric deformations of pure type, we can associate a set of (2, 1) forms xi 
with / = 1, ..., /i^'^ by contracting with the holomorphic 3-form Q: 

Sgtjix, y) = - ^ xijke (y) 6Z\x) , (2.3) 

where Z^ are complex scalars parameterizing the deformations of the complex structure, 
and similarly for the conjugate terms. Furthermore, if Aidgij = then AqXi = 0. So, in 
fact, we have a 1 — 1 map between the zero- modes Sg^j of Lichnerowicz and the harmonic 
representatives xi oi H\TM) = H^^\M). 
Similarly, the mixed type deformations 

6g = i6gijdy'Ady\ (2.4) 

can be associated to harmonic representatives of H^{T*Ai) = H^'^{Ai). Indeed, let 
{co'a}a=i,...,/ii.i denote a basis of the integral cohomology group H^{Ai, Z). Then expanding 
the Kahler form in this basis J = f^Ua gives 

9ijix, y) = t°'{x)ujaijiy) , (2.5) 

where the h^'^ fields t" are the imaginary parts of the Kahler moduli chiral fields. These 
fields are complexified because of the presence of the NS-NS 2- form field B. We can 
expand the 5-field in the same basis Ua for H^{M.^ Z) 

Bij{x,y) = h°'{x)ujaij{y) (2.6) 

and define T" via 

B + iJ = T'^uJa, (2.7) 



where the h^'^ complex scalars, 

T" = 6" + ir, (2.8) 

are the Kahler moduh. 

An important fact that we will need later is the existence of /i^'^ Peccei-Quinn sym- 
metries, 

6" h^ 6" + e" , (2.9) 

which are preserved to all orders in a' perturbation theory regardless of the string coupling. 
These PQ symmetries can be broken by world-sheet instantons but such non-perturbative 
effects are not visible in the reduction of the ten-dimensional space-time action. These 
shift symmetries imply that the Kahler potential must be a function of only the imaginary 
combination 

rpa rpcx 

in a' perturbation theory. 

The classical Kahler potential for all of the above moduli has the following form: 



K^i = - log {-i{S - S)) - log (i f n An\ - log ( f J A J A Jj . 



(2.10) 



Notably, this potential factorizes between the three sectors: dilaton, complex structure, 
and Kahler class. When perturbative worldsheet effects are included, as shown in [1], 
there is a unique correction to the Kahler moduli sector. Namely 

V=^j JAJAJ ^ V + a'3C(3)x(-M) , (2.11) 

where x(-^) is the Euler number of Ai. This leads to the following modification of the 
Kahler potential: 

-logU JAJAJ\ ^ -logV + a'^^. 

We would like to understand the analogue of this result when the world-sheet theory has 
only (0, 2) SOFT. From a space-time perspective, this means that we are interested in 
heterotic compactifications with non-standard embedding and space-time GUT groups 
other than just Eq. 



3 The Quantum-Corrected Background 

3.1 Ten-dimensional space-time action 

The heterotic effective action is fixed to 0{a''^) by supersymmetry. However, there are 
different conventions for the choice of connections, used to evaluate curvatures. A partic- 
ularly natural one leads to the following space-time effective action [16,23]: 

5=_L /'rfl0a,^/3^e-2*b+4(9<l>)2-l|?/|2-^(tr|^|2-tr|7^+|2)+O(a'3)l, (3.1) 

where 

tr |7^+p = ^7^M^^B(fi+)7^^^''^(fi+) (3.2) 

with M,N, . . . running over all ten dimensions. Also, J-" is the Yang-Mills field strength 
and $ denotes the 10-dimensional dilaton. 

The Einstein-Hilbert term is constructed using the Levi-Civita connection, while the 
Riemann tensor appearing in the 0{a') correction is built using the connection Q^, where 

^±M ~ ^M ± T^'^M (3.3) 

and Q is the spin connection. The definition ofH already includes 0{a') corrections, 

'H = dB + j[CS{n+)-CS{A)], (3.4) 

where A is the connection on the gauge-bundle and CS denotes the Chern-Simons invari- 
ant. The associated Bianchi identity is given by 

dn = ^{ti [7^(fi+) A 7^(fi+)] - tr [j^ a j^] } , (3.5) 

where "H satisfies the quantization condition 

1 



2TTa' 



?/ e 27rZ . (3.6) 



This choice of connections is very convenient for comparison with results, obtained by 
T-duality from type JIB backgrounds [24,25]. But more importantly, with this choice of 
fields there are no purely bosonic couplings at Ola'"^), other than those in \'H\'^, as we 
have indicated in (3.1). 

At 0{a'^) there are i?*^ type terms whose form is not determined by supersymme- 
try. However, as we will see later, the Ola'"^) terms already give the first non- vanishing 



correction to the Kahler potential of the four- dimensional effective theory. So, for our 
purposes, we will not need to look at higher orders. Presumably an answer from (0, 2) 
mirror symmetry will provide information to all orders in ol . 

The equations of motion resulting from the action with bosonic terms (3.1) take the 
form: 

1 n' 

7^-4(V$)2 + 4V2$-- I?/ |2-^(tr| J^|2-tr|7^+ p) = 0(a'3) , 

'T^MN + 2VMVAr$ — -'Hmab'Hn (3.7) 






/3\ 



trJ•MpJ•Jv^-7^MPAi?(fi+)7^Jv''^''(f^+)J = 0{a 



where D^~'^ = V*-"-* + [A, ■] is the gauge- covariant derivative with respect to both the 
gauge and the Q^ connections. 

In addition to satisfying the equations of motion, we demand that our solutions pre- 
serve supersymmetry. The supersymmetry variations of the fermionic fields appearing in 
ten-dimensional A^ = 1 supergravity lead to the Killing spinor conditions for unbroken 
supersymmetry. The fermions consist of the gravitino, "^m, the dilatino. A, and the gaug- 
ino, X- These are all Majorana-Weyl fermions. In the convenient field choice of [16], these 
variations take the form 

5^M = (du + \tab (fi-M^'' + a'PM'''') + Oia'')] e = , 

S\ = -^ (^ - i^+ yr+ 0{a'')^ 6 = 0, (3.8) 



where 



Pmab = 6e^* V(-)^ (e-'^'d'H) ^^^^ (3.9) 



and "%= \V I-Lmnp with a similar expression for f. Note that the a'P terms in (3.8) 
are of 0{a''^) because dl-i is 0{a'). 

3.2 Perturbative solution 

The 0{a') corrections to supergravity described in section 3.1 lead to corrections of any 
vacuum solution of supergravity. The corrected solutions were first studied in [26] and 

8 



more recently in [27]. Our goal will be to reduce the ten-dimensional heterotic action 
on the a'-corrected solutions of the equations of motion and extract the resulting Kahler 
potential. We will follow more closely the approach of [27] which was carried out in string 
frame since this greatly simplifies many aspects of our calculations. At the end, we will 
give the four-dimensional effective action in Einstein frame. 

We begin with some basic restrictions on the class of solutions we consider. We take 
our space-time to be a direct product M^'^ x Ai, where A^ is a compact manifold. For 
simplicity, we assume that Ai has no isometries, which is generically the case, although our 
analysis can be easily generalized to allow for isometries. Including gauge fields requires 
the choice of a holomorphic vector bundle E ^ M.. We also assume that the NS flux "H 
vanishes to leading order and is only induced as a correction at 0{a'). This implies that 
at zeroth order we have a CY manifold. The non-Kahlerity caused by a non-zero "H is 
determined by the fundamental form J associated to the metric [28], 

n = i{d-d)J. (3.10) 

This arises only at 0{a'). This assumption simplifies the analysis but, more importantly, 
it guarantees that the supergravity approximation is reliable. 

Let us now write down the 0(Q;')-corrected solutions given in [27]. In a complex basis, 
the solutions take the form: 

(3.11) 
(3.12) 
(3.13) 
(3.14) 
(3.15) 

where ^ is a gauge parameter that we will discuss momentarily. The covariant derivatives, 
V, here and subsequently are computed with respect to the zeroth order metric g. This is 
also the metric used to raise and lower indices. The correction to the gauge-field curvature, 
F^^\ is determined by the conditions 

F« = DAW = (rf + A(°)A)A(^), (3.16) 

g'^F^f = 0F,^. (3.17) 

At zeroth order, the background fields are the familiar ones for Calabi-Yau compacti- 
fications: namely, a Ricci-fiat Kahler metric g, a constant dilaton (pQ, vanishing "H, and a 



Gij - 


= gij + a'hij , 


$ = 


= 0O-«'e/i^ 


iifk = 


= a'[-Vihfk + Vjh,£) 


A. -- 


- AfHa'A^\ 


ij 


- F^ + ^F^. 



connection A^^'' on i? — )■ A^ whose curvature satisfies the Hermitian- Yang-Mills equations 

Fi, = F,j = g'^Fij = 0. (3.18) 

This all follows directly from the Killing spinor equations (3.8). 

At 0{a'), all correction terms of interest for us, namely for Gij, $ and "H, can be written 
in terms of the metric correction h. This is also a direct consequence of the supersym- 
metry equations (3.8). For example, the "H-flux condition (3.13), or equivalently (3.10), 
reflects the fact that the holonomy group of V*-"-* is SU{3), as required by the gravitino 
supersymmetry variation. However, supersymmetry alone is not sufficient to determine 
h. We must study the 0{a') corrected equation of motion for h following from (3.7). In 
terms of a real basis, these equations read 

where Rmnpq denotes the zeroth order Riemann tensor obtained from the metric Qmn, and 
Al is the Lichnerowicz operator 

^L'^mn o ''"mn -'^mpnq'^ ' * (m * '^n)p ' ^p(m''',fi\ 7) * "i * n'^ yo.Z\j) 

with 

h^hZ = 2h^,. (3.21) 

Clearly, we can set Rmn = in (3.20) but we have included it for completeness. 
The equations for hmn can be simplified if we impose the gauge fixing condition 

V"/i„„= (i-OV™/i. (3.22) 

A standard argument is easily generalized to show that such a gauge choice is always 
permissible provided ^ > 0.^ On a Ricci-fiat manifold, (3.19) then becomes 

- {V^ 51,51 + 2R^J „) V = i [tr (F„,F/) - i?^,,./?/"''] (3.23) 

independent of ^! 



^The basic idea of the argument is to suppose that /i„m does not satisfy the gauge condition (3.22), 
but that there exists ft-^„ — hmn + VmWn + V„Wm which does. The task then is to show that a suitable 
V always exists. This amounts to showing that v does not lie in the kernel of a certain second-order 
differential operator. So long as ^ > 0, it is easy to show that the kernel in question is trivial, so v is well 
defined. For more details, see [26] 



10 



Often, the operator appearing on the left hand side is referred to as the Lichnerowicz 
operator, even though this is only true in the gauge ^ = and on a Ricci flat manifold. In 
general, the Lichnerowicz operator will contain the gauge- dependent piece — 2^(7^'^VmV„. 
For reasons that will become clear later, we will work almost exclusively in the ^ = 
gauge. For any exceptions, we will write C, explicitly. 

The significance of (3.19), or equivalently (3.23), is the following. These equations tell 
us that, to order a', we can completely fix the corrections to the metric, and hence all the 
supergravity fields, as long as the Lichnerowicz operator is invertible. Said differently, if 
hmn does not contain any zero-modes of Lichnerowicz, then it is uniqely specified by 

What if hmn does contain zero-modes? As we reviewed in section 2, the zero-modes of 
Lichnerowicz correspond to a finite set of deformations. So any zero-modes contained in 
hmn can always be absorbed into a redefinition of the moduli fields. We will come back 
to this point later when we discuss the moduli-dependence of the solutions. 

It is worth pointing out a special case of (3.23) which comes from taking the trace; 
namely 

-V^h = tr\F\^ -tT\R+\\ (3.25) 

The integrability condition for this equation is 

/ d%y/g (tr|F|^-tr|i?+p) =0 (3.26) 

Jm 

which is always satisfied if the Bianchi identity (3.5) is satisfied. 

Now if the source (tr |Fp — tr|i?+p) is vanishing, as is the case for the standard 
embedding, the solution of V^/i = can always be absorbed in a redefinition of the zeroth 
order metric, as we pointed out in the previous paragraph. This is just the statement 
that for the standard embedding there are no 0{a') corrections to the vacuum solution. 

Clearly, the non-harmonic component of the metric deformation is essential for the 
physics of the non-standard embedding. In view of this, we will impose the requirement 
that h be non-zero only for a non- vanishing source on the right hand side of (3.25). 
Equivalently, we require that h be orthogonal to the zero modes of the Laplacian. Since 
the only harmonic functions on a compact space are constant, this translates to the 
condition: 

^ d^y^h = 0. (3.27) 

M 
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For future use, let us also note that (3.27) can be rewritten as: 

0= /" A%^2f^hij= f *JAh = l- f JAJAh, (3.28) 

Jm J M 2 J_A4 

where we have used the definition h = /i™ and h denotes the two-form constructed from 
h, i.e. h = i h^dy'^ A dy^. 

At 0{a''^), things are rather similar to the 0{a') discussion above as far as the equa- 
tions of motion are concerned. Most relevant for us, the 0{a''^) correction to the metric 
h^'^^ defined by 

Gij = Qij + a'hij + a''^h\f (3.29) 

is also orthogonal to harmonic forms. However, at this order there are new terms in the 
supersymmetry variations. In particular, the gravitino equation requires the combination 
f2_ + a'P to have SU{3) holonomy, instead of the r2_ connection alone. This imposes the 
following relation: 

{n - 2a'P)^^-^ = d,Gf, - d,Gf, . (3.30) 

In principle, at this order there could also be a non-trivial correction to the dilaton 

$ = 00 + ttV^^^ + a'V^^^ • (3.31) 

However, we will now show that 0*-^-' is a gauge artifact, much like 0*^^-* = —^hl- To see 
this, let us consider the dilatino equation (5A = 0, which can be written as 

9,$ = l{n- Sa'P)^^-^G^' + 0{a''). (3.32) 

Let us generalize the gauge condition (3.22) to the following: 

G^~'V,Gf, = (1 - 20 V, log |G| + Cc^'P.fkG^'' . (3.33) 

This is a well-defined gauge choice V^ provided .^ > and, furthermore, it includes (3.22) 
at lowest order in a'^ Now, using (3.30) and (3.33), we find that (3.32) becomes: 

9,$ = -2eV, log l^^-^GI + (C - l)a'P,f,G^'' + 0(a'3) . (3.34) 

So, by choosing the gauge ^ = and ( = 1, we are left with a constant dilaton: 

$ = 00 + 0{a'^) . (3.35) 

Finally, let us note that the gauge condition (3.33) is very similar to the family of gauge 
conditions studied in [29]. 



^At 0{a'^), this generalized gauge condition reads 

V^h^ - (1 - 20V,(g-''^/.5f ) - h^^'V^h^-, - (1/2 - OV.(/i,s/i-'"^) + 6CV'{ddh)^-^^-^g^'' 
and it can always be chosen by the same arguments used earlier. 

12 



4 The Four- dimensional Kahler Potential 

In the previous section, we wrote down the vacuum solutions for d = 10, N = 1 super- 
gravity compactified to four dimensions together with their leading a' corrections. Now 
we will study the Kaluza-Klein reduction of the ten-dimensional action (3.1) on this back- 
ground. As before, we use x^ with /i = 0, ..., 3 for the space-time coordinates and y"^ for 
a real coordinate basis on the internal manifold Ai. As before y*, y^ will denote internal 
coordinates in a complex basis. 

4.1 A reduction ansatz 

We begin by decomposing the ten-dimensional bosonic A^ = 1 supergravity fields, g, B, $ 
into four- dimensional and six- dimensional components. The internal components do not 
depend explicitly on x'^, only indirectly via their dependence on the moduli fields. The 
moduli we will consider are the dilaton, the h^'^ complexified Kahler deformations 

T"" = h'^ + ir 

and the /i^'^ complex structure deformations Z^ . We will denote the set of moduli fields 
{T", Z^} collectively by M^{x). With this notation, the decomposition is given by: 

ds"^ = g^^{x)dx''dx'' + G^n{y,M{x))dy"'dy'', 
B = B^,{x)dx^dx'' + Bmn{y,M{x))dy'^dy'' , 
$ = y,{x) + <j){y,M{x)), (4.1) 

where g is the usual dynamical 4-d metric, B^i^ is the 2-form dual to the universal axion 
and, finally, ip is the 4-d fiuctuation of the 10-d dilaton $. 

In the previous sections, we discussed the intrinsic properties of the fields Gmn, Bmn, 
and 0, with moduli independent of x^. Now we are allowing the moduli to fiuctuate in 
space-time in order to obtain the four-dimensional effective action for these light fields. 
At the end of the day, we will only be interested in perturbative corrections up to or- 
der a'^. Regardless, it will be beneficial and more illuminating to work with the full 
expressions (4.1). We will expand in powers of a' at a later stage. 

Although we will not study the Yang-Mills sector in the subsequent sections, let us for 
completeness briefiy comment on its reduction as well. In ten dimensions, the gauge group 
Q of the heterotic theory is fixed by anomaly cancelation to be either Q = {Eg x E^) x Z2 
or Spin(32)/Z2. Upon compactification, the background requires a holomorphic vector 
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bundle E ^ Ai to satisfy the Bianchi identity. Let us denote the structure group of E 
hj H. li G X H is a maximal subgroup of Q, then the holomorphic bundle breaks the 
space-time gauge group down to G. The adjoint representation of Q will decompose into 
a sum of irreducible representations oi G x H, namely 

Adj{g) = {Adj{G), 1) ®r Rr © (1, Adj{H)) 

for some set of representations Rr-^ Therefore, the lOd gauge field will take the form 

A = A^{x)dx^ + Gm{x)dy"' + A^{y,a{x))dy"', (4.2) 

where A^ is the G-valued four-dimensional gauge field, Gm are charged matter fields 
transforming in the representations Rr, and Am is a background connection on the bundle 
E -^ M.. This last field depends on the bundle moduli a^, which appear as gauge singlets 
in spacetime. More precisely, the moduli dependence of the background connection is 
given by: 

A^{x, y) = a^{x)aT.i{y) , (4.3) 

where as form a basis of H^{End E). The bundle moduli are poorly understood currently 
even in the semi-classical large volume limit where classical geometry is applicable. One 
of the key issues in understanding heterotic string better is an improved understanding 
of bundle and charged moduli. 

4.2 The quantum-corrected effective action 

Before turning to the reduction of the ten-dimensional action on the a'-corrected back- 
ground of section 3.2, let us make several useful observations which will simplify the 
subsequent computations. 

First the classical moduli space factorizes into Kahler, complex and bundle deforma- 
tions. There is a ground ring structure present at the level of the world-sheet (0, 2) theory 
which suggests that a Kahler/complex split might persist even including quantum cor- 
rections, despite only N=l space-time supersymmetry [7,30]. The bundle moduli also 



^More concretely, if we take Q ~ Eg, x Eg, and embed H into one E^ factor (and for simplicity ignore 
the remaining Eg factor) some common cases are: 

G H ®^ 

Ee SU{3) (27,3)0(27,3) 

50(10) SUiA) (16,4) ©(16,4)0(10,6) 

SU{5) SU{5) (10,5)®(10,5)®(5,T0)®(5,10). 
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appear to be split with a similar Kahler/complex categorization though we will ignore 
them in this discussion. Since we are concerned with perturbative corrections, it is rea- 
sonable to suspect that the complex structure moduli are insensitive to the leading volume 
corrections. So we will focus on the Kahler moduli. 

Because of the shift symmetries of the 6" moduli reviewed in section 2, the Kahler 
potential is only a function of the combination T° — T°. There is therefore no need to 
explicitly track the 6" moduli through the calculation; once we obtain the kinetic terms 
for the t" fields, it is trivial to obtain the Kahler potential for T" by rewriting those 
kinetic terms as a function of T° — T° instead of t". We will therefore hold the moduli 
fields 6" constant in space-time. 

A word on the gauge sector: we will not include gauge bundle moduli beyond incor- 
porating a fixed background gauge bundle. Said differently, we fix the bundle moduli oP 
to be constants and set the matter fields C to zero. Certainly, understanding the bundle 
moduli sector is an important and interesting question. However, the mixing of bundle 
and Kahler moduli via the Chern-Simons couplings in "H complicates the analysis. So we 
will leave this generalization for a future investigation. 

The technical details of the reduction of the ten-dimensional action (3.1) to four di- 
mensions are given in Appendix A. The result, in Einstein frame, is the following four- 
dimensional effective action: 



S, 



eff 






-J f Tr (lm{S)F A*F- Re(5)F A f) + 0{a'^) , 



(4.4) 



where the subscript e denotes Einstein frame. The axio-dilaton S = a + ie '^'^^ contains 
the 4-d dilaton 

04 = V^-log[V7Vo] +0{a'^) (4.5) 

with V'{x) = f d^yvG is the a'-corrected volume and Vo some reference volume. For 
future use, by V we will denote the volume of the underlying CY space, i.e. V = / d^y^/g. 
Note that to this order in a', the definition (4.5) yields the same (fiat) cylindrical 
metric for the dilaton that appears classically. More importantly, the dilaton does not 
mix with the other moduli. The metric on the rest of moduli space is 

-IP I 

GlJ = ^J d%^ ^xGrr^P hGn, (G^^G^'^ - ^7^™"P«) . (4.6) 

Note that the functional derivatives are with respect to the Kahler and complex structure 
moduli, i.e. 5x = 5/5M^ , and that 'JZ"^"-pi denotes the Riemann tensor computed with the 

15 



full metric G\ the curvature associated with g is always denoted by R'^'^p'}, All deviations 
of the effective action from the a' — > limit reside in this metric for the moduli kinetic 
terms. 

One can read off the order a' and order a'^ terms in (4.6) by expanding 

Gmn = 9mn + a' h^n + "'^^mi + 0{a'^) . (4.7) 

For example, to 0{a') the moduli space metric is given by: 

QXJ = -^ d%^(^6x9rapSjgngg"'''9'"' + a'{5xhrr,p5jgng + 6x9rapSjhng)9"'''9'"' (4.8) 



a' 



+I75x9n.p5j9n,[hg^''9'' - 2/^™"^^^ - 2g^^h^^ - i?™"^-?) + O 



Obviously, the first term is the standard classical moduli space metric. The a'-correction 
terms provide a natural generalization, as we will discuss in the next subsection. 

Before we begin considering the kinetic terms of the Kahler moduli in more detail, let 
us revisit the splitting of the Kahler and complex structure moduli spaces in more detail. 
Unlike the case of (2, 2) compactifications, in (0, 2) there are currently no general argu- 
ments that those two moduli spaces should decouple. There is no space-time argument 
since both T" and Z^ sit in A/" = 1 chiral multiplets. At zeroth order, they do decouple 
and this can be seen simply from the index structure of the first term in (4.8). Indeed 
since g is Hermitian, the only non- vanishing components of the inverse metric are g^^^ and 
the moduli space metric splits into Kahler ^^^ ~ ^a9ij5i39ki9^^9^^ ^"^^ complex structure 
Qjj ~ 5i9ij5j9ki9^^9''^ sectors, with no mixing between them, Q^j = 0. However, at 
higher orders in a' one should expect non-vanishing off-diagonal components 

1 /" ,fi /^ . ^ . ^ / „^^ „ui a' 



^al 



j d^yVG6jG,k 5^.Gfl {g'^G''' - '^TV^'^') , (4.9) 



2V' 

coupling the two sectors together. 

While such mixing is an a priori possibility, it does not occur in our case at least 
through 0{a''^) for the following reasons. Recall we are only considering a' corrections to 
the Kahler moduli kinetic terms not the complex structure kinetic terms. Therefore, the 
full metric remains Hermitian (G*-^ = 0) and so any mixing must come entirely from the 
curvature term TZij^e-^ 

However, we will see in the next section that all of the contributions to the moduli 
space metric coming from the curvature are in fact vanishing to 0{a'). Thus, we find 



For non-Kahler complex manifolds, these curvature components are non- vanishing since the Christof- 

JA; - 2' 



fel symbols have components of the form FL — jG^^ {djGif. — diGjk) 7^ 
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that (somewhat surprisingly) the Kahler and complex structure moduli remain decoupled 
through 0(a'^). It is tempting to speculate whether or not this decoupling persists to 
higher orders in ot . At first sight this might seem unlikely since the vanishing of (4.9) 
does not seem to extend beyond 0[ol'^\ However, higher order corrections may conspire 
to maintain a direct product moduli space. While such a proposal may seem far-fetched, 
it is not entirely unfounded in light of (0, 2) mirror symmetry. 

4.3 The Kahler potential for Kahler moduli 

Let us now examine the metric for the Kahler moduli, 

Ga^ = ^J d%VG6^G,eS^Gj, (g'^G'' - |^7^^^"'=^") , (4.10) 

with the aim of understanding the associated space-time Kahler potential. We begin by 
considering the 0{a') deformation, expanding Gij = gij + a'hij. As discussed in section 2, 
the Kahler form of a Calabi-Yau space can be expressed as a linear combination of integral 
2-forms: J = t^Ua- The t" are the spacetime moduli fields, while the 

Wa = i {Sa9ij) dy' A dy^ (4.11) 

form a basis of H'^{Ai,'Z). Because /i^'° = 0, these forms span H^'^{Ai). Similarly, from 
hij we can construct a two-form 

h = ihijdy' Ady^. (4.12) 

Following the discussion in section 3.2, the form h is orthogonal to all harmonic 2-forms: 
if 7 G A^ T*M and A7 = 0, then 

/iA*7 = 0. (4.13) 

Varying the moduli changes both g ^ g + 6g and h ^ h + 6h. We will argue now that 
the associated two-form 6h is also orthogonal to harmonic forms, just like h. First, recall 
that the equation of motion for hmn is 

Arh —-\fr(F F P"! — /? T^ Pin (414) 

where F^p and Rmnpq are the zeroth order quantities. After deforming the solution 

g + a'h ^ {g + 5g) + a\h + 5h) 
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the right hand side of (4.14) changes along with the operator A^, ~ — V^ — i? that depends 
imphcitly on g. Hence hmn + 5hmn is a solution of the deformed (4.14), provided 



1 1 

— tr {-t mp-f nq ) 9 7)' 



AL^/imn = -(5Ai)/i„„ + (5 ( -tr {F^pF^,)gP'' - -R^^^rRJ"'' ) 7^ . (4.15) 



The exact functional form on the right- hand- side of this equation is not important. The 
essential point is that it is non-vanishing and, thus, 6hmn niust be orthogonal to the 
zero-modes of Lichnerowicz just like hmn- 

Let us now rewrite the moduli space metric in terms of the above forms. With a little 
work, we find that to order a' the corrected metric takes the form 



^"^~2V 



V9 



0Oa/\*0Op + a {5ah/\*UJ^ + UJa/\*5i^h — UJa/\UJp/\h— ^^ R{uj a , OO p) j (4.16) 



where R{ua,uji3) denotes R^^^^u^iioj^ji, . 

Because of N=l space-time supersymmetry, we know that the moduli space metric 
must be Kahler and so it should be possible to derive it from a Kahler potential. A 
straightforward, but tedious, exercise shows that 

1 d d 



2 dt^ dtP 



log (j AJ AJ + 3a' J AJAh + a' ^r\ + 0{a'^) . (4.17) 



Since the scalar curvature in the last term of the bracket should be computed with the 
lowest order metric g, we see that to this order a'^R vanishes identically. This is far 
from obvious if we only look at the term appearing in the metric i?(wQ,,a;^). However, 
once this metric is expressed in terms of a Kahler potential, it becomes clear. It would be 
interesting to understand whether one could prove directly that J R{ua, oo^) = 0, perhaps 
by using some properties of CY topological invariants. 

So far, we have found that the a'-corrected Kahler potential is: 

K = -\og j (j A J A J + 3a' J AJAh)+ 0{a'^) = -log f J' A J' A J' , (4.18) 

where J' = J + a'h + ... is the corrected fundamental form. At this point, it is obvious 
that the whole 0{a') correction vanishes because of (3.28), that is to say the orthogonality 
of h and J. 

However, with a view to generalizing this result to higher orders in a', it is useful to 
make a few observations about the form of (4.18). Note that the Kahler potential can 
be written in the form K = — logV, as was the case for the classical Kahler potential. 
Actually, given the form of (4.10), it is clear in hindsight that the corrected moduli space 
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metric should simply be obtained by replacing J — )> J' in the expression for the uncorrected 
Kahler potential (2.10). 

Before we turn to 0{a''^), let us pause for a moment and note that the vanishing of the 
0{a') correction is unexpected since there is no obvious space-time reason to expect such 
a vanishing. Indeed, since there are 0{a') corrections in the ten-dimensional action, we 
might have expected 0{a') corrections in the 4-d effective action as well. It would certainly 
be very interesting to understand whether there is a deeper reason for this vanishing or 
whether this is just accidental. 

Having shown that the 0{a') correction vanishes, we will now determine the leading 
behaviour of the Kahler potential. Based on the form of the metric (4.10), it is natural 
to expect that the structure of (4.18) will persist to higher orders. Indeed, writing 

J' = j + a'h + a'^U^^ + ... , (4.19) 

where h^"^' is the (1,1) form associated to the metric correction h\j in (4.7), one can show 
that the Kahler potential to 0{a''^) is given by 



K=-\og f (j' AJ' AJ' + a'Vcn 



(4.20) 



See Appendix B for the details of this computation. The last term is still vanishing for 
the following reason. Expanding out the fields gives 



a 



'y/Cn = {a'/2)^ {2R + a'hR - a'V'^h) + 0{a'^). (4.21) 



Since i? = 0, we are left with a total derivative which vanishes on integration over the 
compact space. On the other hand, expanding the first term in (4.20), we find 

J A J A J + 3a' J AJ Ah + 3a'V A J A /i^^^ + 3a'V AhAh + 0{a'^) . (4.22) 

The terms linear in h and h^"^' vanish by orthogonality to harmonic forms leaving 

a'"^ r ~ ~ n'^ r ~ ~ 

K = - log(V) -— J AhAh + 0{a'^) = - log(V) + — hA*h + 0(a'3). (4.23) 

We have used *h = -J Ah + | j^^ J A J in (4.23). 

To summarize: the leading correction to the Kahler potential appears at 0(a'^) and 
is controlled by the norm-squared of h. In particular, this correction vanishes if and only 
if h vanishes, which occurs in the case of the standard embedding. ^° 



^'^It is reasonable to expect that smooth bundle deformations away from the standard embedding 
solution will also preserve this vanishing. 
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To conclude this section, let us check the volume dependence of the terms in (4.7), or 
equivalently (4.19). The leading order term scales like V^^^ by definition. The expansion 
is in powers of r^ so h is independent of V while h^^' is suppressed by V^^'^. Defining 
V = e^", we can make manifest the -u-dependence of the background metric^^ 

ds^ = g^^dx^dx" + (e2«(")^„„ + a'hran + a"e-2"(")/i(^)^ + . . .) rfy^rfy". (4.24) 

That hmn is independent of u will be important in section 5. 

5 Breaking No-Scale Structure 

In this section, we will examine the implications of the a'-corrected Kahler potential 
(4.23) in proposed moduli stabilization scenarios. As we explained in the introduction, 
most discussions of moduli stabilization occur in type IIB or F-theory compactifications 
where the difficult modulus to stabilize is the volume modulus. The remaining moduli 
can all be stabilized, in principle, by fiuxes [17]. To find reliable fully stabilized vacua of 
either supersymmetric or non-supersymmetric type will, generically, require knowledge of 
string scale physics. 

Nevertheless, there have been various proposed scenarios based on four-dimensional 
effective field theory. For reasons mentioned in the introduction, we will take an agnostic 
view about the relation of those scenarios to string theory and simply ask how the effective 
field theory analysis changes taking into account our results. 

Assuming some superpotential W , we can ask whether the {a'Y correction to K gives 
the leading breaking of the no-scale structure. Recall that the supergravity scalar potential 
is given in terms of K and W: 



V = e 



K 



K^^DxWDjW -3\W\ 



(5.1) 



We are not concerned about the explicit moduli-dependence of W since that depends on 
detailed scenarios. What really interests us is whether the combination. 



V = e^ (k^^KxKj-3)\W\'^ + ..., (5.2) 



is zero or non-zero for our correction term.^^ 

^"'^The notation we use here is for easy comparison with the reduction ansatz of [31]. 
^^Recall that this combination vanishes for the classical Kahler potential K = — log(V). This results 
in no scalar potential for the overall volume modulus; hence the term "no-scale structure." 
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First let us examine the heterotic string and imagine a superpotential W generated by 
non-perturbative physics and perhaps by background fluxes. Flux induced superpotentials 
in the heterotic string have been described largely using duality with type IIB backgrounds 
in [32-35]. These superpotential discussions are on a somewhat less secure footing than 
the type IIB case because the full space of chiral fields on which the superpotential and 
Kahler potential depend are not visible in supergravity. 

Let us take a simple one Kahler modulus case with classical K = — 31og(T — T). In 
this case, we can factor the T-dependence out of the quantum correction to give 

K=-3 log(T - T) + jY^^ X / (5.3) 

with / independent of T. Computing the leading terms in the potential gives 

V = -^e^\W\' + .... (5.4) 

What we want to note is that this is non-vanishing at leading order in the correction. 
Models of this type will be discussed in greater detail in a future publication [36]. 

Now we want to consider the implications for type I and type IIB. The first step is 
to map the heterotic correction to type I using ten-dimensional S-duality. By definition, 
the Einstein frame physics is invariant under S-duality so what we care about is the form 
of the correction in type I string frame. Using standard relations (see, for example [37]) 
gives a correction to K of the form, 

(S.r^, X /, (5.5) 

expressed in terms of the type I string coupling, Qg, and volume V. Again the moduli- 
dependence is shuffled into a function /. This is loop suppressed in type I string frame. 

It is natural that this should be the case because the type I origin of the a'R^ terms in 
ten dimensions is open strings whose interactions are suppressed by the string coupling. 
Given that the classical Kahler potentials for T and S are the same in type I and heterotic, 
it follows that the leading no-scale structure breaking will be functionally similar. In 
particular, it will begin at 0(a'^). 

Now we might wonder if F-theory type orientifolds, as opposed to type I, might have 
different leading corrections to K. It is easy to see that this is not the case both on 
general grounds and by considering special cases like quotients of K3 x T^. In the latter 
models, T-duality along the T^ maps us between F-theory orientifolds and type I but the 
quantum corrections are independent of the volume of T^ thanks to the perturbatively 
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exact isometries. We again expect 0(a'^) corrections with string loop suppression. This 
is also in agreement with the explicit computations of [22,38]. 

Surprisingly, this does not mean that the breaking of no-scale structure takes the 
same form in F-theory/IIB orientifolds as in heterotic/type I. In heterotic and type I, 
the natural variables in which to express the low-energy theory are (T", S). In F-theory 
type orientifolds, the natural variables are {pa,'^) where Pa measure the volumes of 4- 
cycles and r is the complexified type IIB coupling. We would like to map the corrections 
we derived in heterotic over to F-theory orientifolds using a duality map. This is not 
a trivial exercise because only chiral field redefinitions of chiral fields are permitted in 
the space-time effective action so the map of variables from one description to a dual 
description is quite subtle. See [39] for a discussion of the issues one encounters. The 
upshot is that the map itself receives quantum corrections which is an added complication. 
Nevertheless, there is a very reasonable conjecture for the resulting Kahler potential based 
on our preceding discussion: 

K„s = -21og [V] + a- (;^) ^^^i%f^ - log|r - f]. (5.6) 

The Qs dependence differs from the (string frame) type I result (5.5) only as a result of 
transforming to Einstein frame. Otherwise, it is functionally the same. At this stage, the 
function fjjB is some unknown function that depends on all Kahler moduli except the 
overall volume. ^^ Another way to say this is that fjjB is a function of the scale-invariant 
variables^"^ 

These new variables are homogeneous functions of degree in the original p variables, 
thereby ensuring that fuB is independent of the overall scale, as required. Many authors 
have studied corrections to the IIB Kahler potential of this form (with fus being degree 
in Pa) [22,38,40], and they all find that the 0{a''^) correction to the scalar potential 
vanishes! In fact, it is straightforward to compute the leading no-scale breaking term 
using (5.6). This yields 

V = -im^^^'P'^P^d^^df/''''^^'' -Pa)+... (5.8) 

which is easily seen to vanish because fuB is of degree with respect to the pa variables. 
This unexpected cancelation was dubbed "extended no-scale structure" in [40]. Therefore 



^■^In the special cases of K3 x T^ quotients, we would find ///b = 3V ^^"^ J J Ah Ah. However for 

more general cases, the form of fiiB could be more complicated. 
^''We wish to thank M. Cicoli and J. Conlon for stressing this point. 
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the leading a' correction to the scalar potential in type IIB does not appear until 0{a'^). 
This is in sharp contrast to the heterotic/type I result that we described above. 
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A Reduction of the Action 

Here we collect the details of the reduction of the ten-dimensional action (3.1) to four 
dimensions. Using the ansatz from Section 4.1, we will treat the fields exactly, and 
postpone expanding in a' until the end. To avoid possible confusion we will label ten- 
dimensional quantities with a (10) subscript. 

Let us begin by decomposing the Ricci scalar. With our ansatz for the metric, the 
non- vanishing components of the Levi-Civita connection are: 

rA T^A 
(10) ^jy — i- fj.uj 

^{w)'^m = ■^G^'^df.Gmp, (A.l) 

-*- (10) mn ~ r)*^ '-J^mny 

(10)m,?i mn' 

Here the F components are built from the four- dimensional metric g. Using the above 
connection, it is straightforward to work out the Ricci scalar 

i?(io) =R + G"'^Rmn - V=^ log IGI - ^ {d, log 1^1)=^ - Ig^^G'P'^ d.G^p 9^G„„ (A.2) 

where hatted quantities are constructed from the space-time metric g. 
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Next, let us consider the dilaton kinetic term. It has the simple form: 

(9m$(io))' = (^^-^do))' + (5™0)' . (A.3) 

Rather than split the fluctuation ip from the background 0, as in (4.1), it will prove 
convenient to keep these combined in the full field $. 

We move now to the "H field. Noting that it includes the Chern-Simons couplings, we 

find: 

1 1 

1^(10) = -^'HauX'H^^ + -'Hrnnp'H'^'^^ , (A. 4) 

where 

n,,x = 6(9[^5,,]-^(A[^F,,]-^A[^A,A]))+0(93). (A.5) 

Components with mixed space-time and internal indices do not appear since we are ne- 
glecting the 5-field and bundle moduli as well as the charged matter fields in this analysis. 
This simplification carries over to the gauge sector as well. The gauge kinetic terms are 
simply 



Tr|j-(io)r = Tr(iF^,F^^ + ^J-„„^ 



■mn 



where Tr is taken in the adjoint representation oi Q = Eg x Eg or 5*0(32). 

Finally, we consider the curvature-squared terms. Since we are only dealing with 
bosonic fields, the spin connection is not really needed so we simply use the (torsionful) 
Levi-Civita connection, suitably modified from (A.l). Most terms in 7?.^ lead to higher 
derivative space-time couplings, but since we are only concerned with the two derivative 
action, these may be neglected safely. The only relevant component of the curvature 
tensor is^^ 

''^+(IQ\ mnpq '^+mnpq 7) M ?[*" ^n]q j \-^'^) 

where TZ+mnpq = T^mnpq + {d'H)mnpq- This coutributes to the action via 

tr|7^+f = ^7^+,,„,_,,7^™ + 0(9^), (A.7) 

— —7? q^mnpq _ £o ^ fit^r' 'n'mnpq 



^^We neglect the component Tl'^^j^^p, although it leads to a two-derivative term in the action, for the 
following reason. One can easily show that: 

Kmnp - -'2^lmK]p = -^^ Afx(x) V[„(5^G„]p = 0{a') . 

Therefore, a'7^^^ ^ 0{a'^), which is beyond the order of interest in this paper. 
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Notice that dH drops out of the last term because of its index structure. 

Collecting this results, we obtain the following ten-dimensional action for the decom- 
posed fields: 



2 



S = ^ f d"'x^/^VGe-'''[R-VHog\G\-^{d,\og\G\Y + A{d,<!>f -^H, 

10 •-' 

Note that in writing this action, we have thrown away the purely internal contribution 

J d^VCe-^" [G"""7^„„ + 4(9„0)2 - l7/™„p?/™"^ - J (Tr J-^^^'"" - 7^+„„p,7^™)] , 

which would seem to lead to a potential for the moduli fields. However, it actually 
vanishes because of the equations of motion; specifically, because of the dilaton field 
equation in (3.7). 

A simple way to see this is as follows: consider the full effective Lagrangian coming 
from tree-level string theory with its infinite set of higher derivative corrections. The key 
is that, in string frame, the dilaton-dependence is homogeneous. For clarity, let us write 

Ctreei^, d^, . . .) = 6-^" Ctree{d<!> , . . .), (A.9) 

where we have separated the (non-derivative) dilaton-dependence from the rest of the 
action. The ellipsis denote the rest of the fields appearing in the action. The dilaton 
equation of motion then becomes 

The string-frame action therefore always vanishes when evaluated on a static classical 
solution. This is why we can neglect terms involving only the background fields Qmn, 
Bmni ^m, <P and their derivatives with respect to internal directions. On the other hand, 
external derivatives of these fields do, through their implicit x-dependence, lead to kinetic 
terms for moduli and so cannot be omitted. 

Although, in principle, we neglect the matter fields C, it is interesting to see how this 
argument would be modified in their presence. Since the vacuum solution corresponds to 
C = 0, nothing precludes the possibility of a potential that vanishes in this limit. Indeed, 
l-Fp contains the non-derivative terms [A, A]^, which do generate a potential for the C's. 
This leads to the well-known superpotential 

W = e'^^TIC^CJCk, (A. 11) 
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where the Cm fields are in a complex basis and viewed as N=l chiral superfields. 

Now let us return to (A. 8). In order to obtain a four-dimensional effective action, we 
first define the four-dimensional dilaton by, 



„-204(x) _ _±_ 

V, 



yJd%VGe-'^, 



(A.12) 



where Vq is some reference volume. ^^ Note that this is the standard definition in both 
classically non-Kahler and more general SU{3) x SU{3) structure compactifications; see, 
for instance, [43]. In our case, since the non-Kahlerity is due to a' effects, definition (A.12) 
contains an infinite number of a' corrections compared to the classical one given by 

'V{x) 



4>a{x) 



ip{x) - - loj 



Vo 



with V{x) = J d^y^ the CY volume. This definition is also consistent with [41] where 
it was shown that the a'^R^ term in the ten-dimensional effective action also leads to an 
a'-dependent correction to the definition of the 4-d dilaton. Using (A.12), we will obtain 
the proper gravitational action in Einstein frame, after performing the standard Weyl 
transformation 

g^^ = exp(204)5fi5^^ (A. 13) 

of the four-dimensional metric. Finally, we have to dualize B^^, in favour of an axion scalar 
field a. Because of the modified Bianchi identity, we must add the Lagrange multiplier 



dn 



a 



TiF AF 



(A.14) 



to the action and integrate out iJ^j^A- As usual, we combine this axion with 04 into a 
complex scalar 

S = a + ie-^'t'^ . (A.15) 

After performing all of the above steps, we arrive at the following four-dimensional 
effective action: 



^ = 2 ^^^^/^-9e 



Re + 2^^^ - gxj{M)d,M^d^M^ 



{S-Sf 
— /" Tr {lm{S)F A *F - Re{S)F A f] + O 



(A. 16) 



a 



'3\ 



^^As usual, Vo gets absorbed into the four-dimensional Newton constant (which we set to 1) along with 
the dilaton zero-mode: k~^ = Voe~'^'^o k^q = 1. 
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where the moduh space metric is^^ 

Qxj = ^Jd%VG5iGmp6jGn,(G"'^GP'^-^n"'^P'iy (A.17) 

Recall that the variations 5j = j^ are with respect to the moduli fields. The a'-corrected 
volume V is defined by, 

V = j d^i/VG = f J' AJ' AJ', (A.18) 

where J-j = iCij = i{gij + a'hij + . . .) is the corrected fundamental form. Finally, we point 
out that by using the generalized ^ = 0, C = 1 gauge that eliminates 0*^^-', the 4-d dilaton 
acquires the form: 

04 = ^-^log[^l+O(a'='), (A.19) 

Z [ )/o_ 

which still differs from the classical expression by the replacement of V i— t- V. 

B Curvature Term in the Kahler Potential 

Showing that the metric (4.6) descends from the Kahler potential (4.20) involves some 
subtle calculations, especially regarding the curvature term. The main difficulty lies in 
reducing 

5x6 J [ a'Vcn = -— I v^('7^™"P« - iG'™"GP'?7^ + G'^^'G^^Te + (B.l) 

+a' j v^(G"^"GP'' - G^^G^") [SxG^nALSjG^, + 6jGpgAL6xG^n) 

^^Wc should mention two simplifications used here, which only hold in our preferred ^ = and ( = 1 
gauge. First, the term 

2 [y^^ J d^yd%'^/G(^y^G(^)e-''^(yh-^'^^y''>Si{^y) - $(y'))<5j($(y) - $(y')) 

has been dropped because in this gauge, the y-dependence of $ begins at 0{a'^) and so this term is in 
fact 0{a'^). Secondly, the volume pre-factor 1/V' is the remnant of the dilaton-dependent term: 



g204-2* 



Vo 



/'d6y'VGe-2*fe')+2*(y)) ' = ^ + 0(a'3). 
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to only the first term in the first hne: 

The extra terms can be expanded in a' yielding: 

+(^"JV9{9""''9'"' - g'^''g'"'){SigmnALSjhpg + Sjgp^ALSxh^n) + 0{a'^). (B.2) 

Notice that g"^"'Sgmn is actually a constant (which follows directly from taking trace of 
AL^gmn = 0). Because of this and the fact that hmn and 5hmn are orthogonal to 5gmni it 
is easy to see that most terms in (B.2) vanish. The only ones that are left at this point 
are the second and third terms in the first line. They can be written as 

j ^Aji^'^ Sxg^ng^'PSjgp, = {Aji , 5xg ■ Sjg), (B.3) 

where 

and ( , ) is the obvious inner-product for symmetric 2-tensors. 

To show the vanishing of (B.3), we note that the Lichnerowicz operator can be defined 
via Al = V5V5, where V5 is the symmetrized covariant derivative 

Vsh = V (mhnp), 

and V5 is its formal adjoint: (V^/^i, /i2) = (^1, '^3^2) [29]. Note also that zero-modes of 
Lichnerowicz are zero-modes of V5 as well. This is easy to see by considering a zero-mode 
5g of Lichnerowicz. Then one notes 

^ = {5g,AL5g) = {Vs5g,Vs5g). 

Combining the above facts, we find: 

{Aji , 5xg ■ Sjg) = {Vsh , Vs{Sxg ■ Sjg)) = 0, (B.5) 

where we have used the Leibniz rule to see that 6xg ■ Sjg is also a zero- mode of Vs'. This 
completes the proof. 
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